1. To study the validity of a C0,-rebreathing method at rest and during graded exercise, cardiac output was measured simultaneously on 59 occasions in 16 subjects with normal pulmonary function with the C0,-rebreathing method and the direct Fick method for oxygen. The correlation coefficient between the results of both methods was significantly higher during exercise than at rest.
Introduction
The use of the lungs as a tonometer to estimate mixed venous gas tensions was proposed early in this century (Loewy & Von Schrotter, 1903) . Although the development of instantaneous gas analysers stimulated renewed interest in rebreathing techniques (Ashton & McHardy, 1965; Defares, 1956; Collier, 1956; Jernerus, Lundin & Thompson, 1963 ) the number of experiments where the accuracy of the rebreathing technique is established by comparison with other direct methods remains limited (Muiesan, Sorbini, to measure cardiac output at rest and during exercise, by comparison with the direct Fick method.
Methods
The subjects were 16 hypertensive patients (nine males and seven females) aged from 26 to 52 years. Eight patients were treated with atenolol, 600 mg daily; two patients received propranolol, 480 mg daily, and six patients were untreated. They were selected on the basis of a normal pulmonary function, including vital capacity (VC), forced expiratory volume in 1 s (FEV,.,), residual volume (RV), total lung capacity (TLC), all by spirometry, and the transfer factor for CO (Oglivie, Forster, Blackmore & Morton, 1957) . Normal values for transfer factor have been published (Billiet, Baisier & Naedts, 1953) . TLC, VC, RV and FEV,., were expressed as a percentage of the normal values of the European Community for Coal and Steel (Jouasset, 1960) . All subjects agreed to the experimental procedure after the nature of the test was fully explained. The physical characteristics, lungfunction data and arteria1,blood gas values of these subjects are listed in Table 1 .
Cardiac output (8) was estimated in two ways: first according to the direct Fick principle for 0, and for CO,: Q = Po,/(~a,o, -CV,O~) Q = Vco,/ (CV,CO, -c a , c o 3
(1) (2) or where Q is expressed in l/min, PO, = 0, uptake in ml/min, VCO, = CO, output in ml/min, Cv,o, and C;,co, = ml of 0, or CO,/l of mixed venous blood, and Ca,o, or Ca,co, = ml of 0, or CO,/l of arterial blood. Right-heart catheterization was performed, with a flow-directed Swan-Ganz catheter (model 93-1 10-5F) floated into the pulmonary artery. The brachial artery was catheterized with a Teflon (Zijlstra, 1953) . From each blood sample two aliquots were analysed and on each aliquot two readings were performed. As a rule the average of the four readings was taken. The difference between duplicate analyses averaged 0.12% (SD 0.75), n = 30. In Zijlstra's original comparison of the photometric method for determination of oxygen saturation with the Van Slyke manometric method, over a range of 28-97% the average difference between the methods was zero, with SD 1.02%, and the agreement was as good in the lower as in the higher oxygen saturation range.
Pco, was determined in whole blood by a Teflon-covered glass electrode (Severinghaus & Bradley, 1963) . Before each measurement the Pco, electrode was calibrated against a gas mixture of known composition, which was previously analysed by gas chromatography. The difference between duplicate Pco, analysis averaged 0.003 (SD 0-061) kPa, n = 20. CO, content was derived from a standard dissociation curve, by taking into account the Sa,o, of the mixed venous blood (Comroe, Forster, Dubois, Briscoe & Carlsten, 1957) .
The subjects breathed through a low-resistance Y-valve (0.93 kPa at aflow rate of 100 I/min). The pulmonary ventilation (VJ was measured by a pneumotachygraph and oxygen uptake ( Vo,) and CO, output ( Vco,) were continuously calculated from the volume of expired air and its 0, and CO, composition, collected in a 5 litres mixing box. The time constant of this mixing box is a function of its volume and of VE. 0, concentration was analysed by a paramagnetic 0, analyser and CO, concentration by an URAS infrared CO, analyser, both previously calibrated with test gases of known composition. 6'0, and Vco, values were reduced to STPD. Each variable was printed out every 12 s on a polygraph. All experiments were performed in an air-conditioned laboratory at 18-22O C and humidity 40-60%.
Secondly, Q was also determined by the indirect Fick method, where mixed venous Pco, (PV,co,) was estimated by the rebreathing method of Defares modified by the continuous sampling procedure of Jernerus et al. (1963) . The PV,co, was extrapolated from the exponential rise of CO, during rebreathing, as described by Klausen (1965) . During the experiment, gas was continuously sampled at the mouth at 2 litres/min, and was analysed for CO, concentration by a rapid infrared CO, analyser ( Pco, into CO, content an enlargement of a standard CO, dissociation curve was used for whole oxygenated blood (Comroe et al., 1957) . Since both measurements of Q (direct Fick method and CO, rebreathing) during the same exercise level were not strictly synchronous, rebreathing always followed the sampling of mixed venous blood. It is critical to know whether a steady state was reached with equality of both blood and respiratory gas exchange ratio (R). At rest and during exercise the R value obtained from the gaseous measurements of VCO, and PO, after 3 min was compared with the R value from the ratio of venous-arterial CO, content differences, during the fourth minute of each exercise level.
To study the effect of individual and also exercise-induced changes in the haemoglobin concentration and the acid-base state of the blood on the slope and position of the dissociation curve, Q was also calculated by the direct Fick principle for CO,, when a synthetic CO, dissociation curve was used. CO, content was then calculated from eqn. (3), developed by McHardy (1967) , which takes into account changes in pH, haemoglobin (Hb) and Sa,o,.
where C blood CO, = CO, content of whole blood (vol. %); C plasma CO, = CO, content of plasma (mmol/l of plasma, obtained from the nomogram of Siggaard-Andersen, 1963); 2.226 is the conversion factor for Cco,, from mmol/l to vol.%; Sa,o, is expressed as a decimal point.
The pH was determined on arterial and mixed venous blood by a glass electrode (Radiometer pH M27, Copenhagen). Before each pH reading this electrode was calibrated against a phosphate buffer. The difference between duplicate analyses averaged 0.0006 (SD 0.003) (n = 30).
At rest in the recumbent and sitting position and during graded exercise 59 comparisons were made between the direct Fick method and C0,-rebreathing estimates of Q. Exercise was performed on a bicycle ergometer (Elema Schonander) and exercise loads varied from 20 to 110 W (Reybrouck, Amery & Billiet, 1977) .
Results
In general a close agreement was found between the R value calculated from gaseous measurements and venous-arterial CO, and arteriovenous 0, content, which indicates that most of the subjects reached a steady state for cardiorespiratory values. This permits comparisons between both methods (Table 2) .
A high correlation was found between estimates of Q by the direct 0, Fick method and C0,-rebreathing method (Fig. 1) . During exercise a significantly higher (P < 0.001) coefficient of correlation (r = 0-958, P < 0.001, n = 34) was found than at rest (r = 0.646, P < 0.001, n = 25). Only 12% of the exercise values of cardiac output deter- (Fig. 1) .
Generally there were no significant differences between estimates of Q by the C0,-rebreathing and direct Fick methods during recumbent rest, and during exercise, when analysed in relation to the work rate. Exceptionally when at rest in the sitting position Q determined by the C0,-rebreathing method was significantly higher than the value by direct Fick method estimates. Also no systematic difference was shown between (a-?)CO, content difference determined on whole blood ( x ) and estimated from end-tidal gas and the mixed venous CO, content estimated from extrapolation (j) (Fig. When simultaneous estimates of Q by direct Fick methods for 0, and CO, (using a standard CO, dissociation curve) were compared, a high 2). 
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( y = 0 . 9 7~ + 0.95; r = 0.800), and tended to be higher than simultaneous Q estimates by direct Fick for CO, (using a standard dissociation curve) (Table 3) . Furthermore the use of a corrected dissociation curve for calculation of Q by the direct Fick method for CO, induced a large dispersion around the line of identity, compared with simultanteously determined estimates of Q by the direct 0, Fick method. In this plot 65% of the Q estimates fell outside the line of identity. In contrast only 24% of the paired comparisons for Q estimates between the direct Fick method for 0, and CO, (standard dissociation curve) fell outside the line of identity. The coefficient of variation, as an estimate of the variability, was also large when a synthetic dissociation curve was used (Table 3 ).
Discussion
After exclusion of patients with pulmonary disease and training the subjects in the rebreathing procedure, only two out of 61 rebreathing tracings could not be used for extrapolation to the mixed venous Pco,. The somewhat low values for estimates of Q at rest and during exercise, when related to the work rate, on the bicycle ergometer arise from the fact that most of these patients were receiving P-adrenoreceptor-blocking drugs (Reybrouck et al., 1977) .
During exercise there was no significant difference between the C0,-rebreathing method and the direct Fick method for 0, measurements of cardiac output in our series, with a high coefficient of correlation (Fig. l ) , so that any differences are unlikely to arise from systematic error. Nonsystematic differences in the paired comparisons can partly be attributed to technical differences and errors in both methods, whereas intra-individual differences may also play a role as estimates of Q by CO, rebreathing always followed after an estimate by the direct Fick method. In some individuals a lack of steady state could also contribute to some differences in Q estimated by the direct Fick method and C0,-rebreathing method, as the accuracy of the Fick Q method depends on the constancy of the physiological condition of the subject (Hamilton, 1962) . Although the mean values of blood and gas respiratory exchange ratio (R) are not significantly different except at rest in the sitting position, in some individual cases blood and gas R values were not the same even after 3 min of exercise. When blood R was plotted against gas R , 33% of all values were outside the 10% interval of the line of identity, which indicates an unsteady state. This was a random finding in the group as a whole. In other experiments Jones & Reeves (1968) found that patients with a subnormal cardiac output, and consequently low maximal working capacity, needed more time to reach a steady state than did normal subjects. The present patients had also a rather low maximal working capacity. A steady state is also necessary when Q is calculated from the CO, Fick method, as slight alterations in ventilation will increase CO, elimination from the lung transiently with more effect on this than on 0, uptake (Hamilton, 1962) .
At rest the validity of the C0,-rebreathing method to determine Q remains questionable. The correlation coefficient between the C0,-rebreathing method and the direct Fick method for 0, was low, and a large number of observations fell outside the 10% line of identity. In comparisons between the C0,-rebreathing method and the dye-dilution method in subjects with normal pulmonary function Ferguson et al. (1968) and Clausen et al. (1970) reported that respectively 8% and 13% of their observations were 20% off the line of identity on exercise, against 33% and 75% when the subjects were at rest in the sitting position. In our experiments the coefficient of correlation between both methods was also much higher on exercise than at rest. In contrast, by comparing the C0,-rebreathing (equilibration technique) and the direct Fick method for 0, at rest in the recumbent position Muiesan et al. (1968) found a high coefficient of correlation (r = 0.94) between both methods, with all values lying within 13% of the line of identity. It is possible that the equilibration technique is more appropriate for resting conditions than is the extrapolation technique.
In the present experiments we found no systematic difference between sequentially determined (a-ir)CO, content difference for whole blood, and end-tidal gas, with the consequence that calculated values of Q by CO, rebreathing were not significantly different from the direct values of Q by CO, and 0,. The introduction of a correction factor either for the reported end-tidal-arterial PCO, gradient (Matell, 1963) or for the difference between mixed venous blood P c o , and the Pco, estimated from CO, rebreathing (Jones, Campbell, Edwards & Wilkoff, 1969) , was not thought to be necessary.
Since neither the haemoglobin concentration nor the pH of arterial and mixed venous blood is usually available when Q is estimated by a C0,-rebreathing method, a standard CO, dissociation curve is often used to derive blood CO, content from Pco,. Nevertheless the position and slope of the CO, dissociation curve may vary from subject to subject and both are affected by changes in Sa,o,, haemoglobin and pH of the blood (McHardy, 1967) . Changes in the position of the CO, dissociation curve, as a result of the differences in Sa,o, of arterial and mixed venous blood (Christiansen-Haldane-Douglas effect), were minimized in our rebreathing experiments, when mixed venous blood was oxygenated with a gas mixture of 96% 0,. A critical factor that remains is the increase in steepness of the slope of the dissociation curve with haemoconcentration (McHardy, 1967; King & Mazel, 1976 ) and its decrease with base deficit (Godfrey, 1970) , both physiological changes induced by exercise. To compensate for these effects on the CO, dissociation curve McHardy (1967) developed eqn.
(3), which describes the CO, dissociation curve as a function of haemoglobin concentration, pH and Sa,o, of the blood, assuming a linear relation between log Pco, and log CO, content.
In our experiments we determined if the accuracy of the calculated Q by the direct Fick method for CO, could be improved when such a synthetic CO, dissociation curve was used instead of a standard curve. The use of the synthetic curve in the calculation of Q by direct Fick method for CO, tended to give higher values of Q when at rest and during exercise, as compared with simultaneous estimations by direct Fick method for CO, from the standard dissociation curve. This resulted from a smaller (a-V)CO, content difference, which resulted from a flattening of the synthetic CO, dissociation curve as compared with the standard curve. This flattening of the dissociation curve at rest could result from a lower haemoglobin concentration of our subjects (12.72, SD 1.27 g/dl below the standard value of 15 g/dl), which is used in the construction of the standard CO, dissociation curve. During exercise further flattening of the CO, dissociation curve could arise from the interaction of these low haemoglobin concentrations with the effect of an increase in base deficit. We have preferred to use the standard CO, dissociation curve to convert Pco, into C c o , rather than a synthetic CO, dissociation curve, as the latter tended to raise Q and induce a large dispersion around the line of identity, with a larger coefficient of variation. McHardy's (1967) calculation of the CO, dissociation curve was based upon the original equations of Visser (1960) , which were based in turn upon measurements made largely upon ox blood by Van Slyke & Sendroy (1928) . Our study might suggest that the application of this synthetic CO, dissociation curve, based on such measurements on ox blood, may be less appropriate in humans than is the use of a standard dissociation curve.
We conclude that the C0,-rebreathing method may provide valid estimates of cardiac output during exercise, at least in subjects without respiratory disease. At rest the C0,-rebreathing method remains less reliable. Since no systematic blood-gas gradient was found in the (a-V)CO, content difference, determined on blood and endtidal gas, the application of a correction factor was not thought to be necessary.
